ABSTRACT -(Population ecology of Paepalanthus polyanthus (Bong.) Kunth: demography and life history of a sand dune monocarpic plant). Aspects of population dynamics and life history of Paepalanthus polyanthus (Bong.) Kunth, a sand dune monocarpic plant, were evaluated. A five year study was carried out on three permanent plots (5 m x 5 m) in a sand dune slack at Joaquina beach, Santa Catarina State, Brazil. From December 1986 to June 1989, the population decreased due to the death of the post reproductive plants and a low emergence of seedlings. In June 1989, a great recruitment occurred, but no plants survived. The population re-established itself by 1990-1991. The emergence and high survival of seedlings depended on periods of high pluviosity. Nevertheless, the summer flooding and episodes of drought represented key factors in mortality. The birth and mortality rates varied among the areas. It is suggested that these differences are related with depth of the ground water and with vegetation cover at each site. Paepalanthus polyanthus can reproduce in the second year of life, but few plants do this. The chances of survival and reproduction increase with the size of the basal leaf rosette. Although the production of seeds increases with size, the risk of unexpected flooding, for instance, suggest that a great delay in reproduction might not be the most favorable strategy.
Introduction
Many monocarpic species described as biennials present a minimum plant size necessary for reproduction. Since this minimum size may be reached in the second year of life or later, many of these species are called "facultative biennials" or "short-lived monocarpic species" (Werner 1975 , Harper 1977 , Meijden & Waals-Kooi 1979 , Boorman & Fuller 1984 , Kachi & Hirose 1985 , Klemow & Raynal 1985 . Waite (1984) reported that Plantago coronopus, a monocarpic species, could have different life cycles in different populations: annual, biennial or short-lived perennial. Van Baalen & Prins (1983) also registered variations for Digitalis purpurea, which behaved as a short-lived polycarpic plant in initial succession and as a monocarpic with late reproduction in final succession stages.
Many short-lived monocarpic species show strong population reduction, and even local extinction, after favorable periods of colonization (Harper 1977 . Different factors are determinants of these reductions: herbivory and seed predation (Meijden & Waals-Kooi 1979 ; low germination rate, emergence and seedling survival due to climatic factors (Meijden & Waals-Kooi 1979 , Boorman & Fuller 1984 , Waite 1984 , Kachi & Hirose 1985 , Klemow & Raynal 1985 , van Groenendael 1986 ; reduction of fecundity due to intraspecific competition (Klemow & Raynal 1985) ; and interspecific interference along different succession stages and among different vegetation covers (van Baalen & Prins 1983 , Waite 1984 . Several of these studies refer to sand dune populations, where the above factors were associated with population declines (Meijden & Waals-Kooi 1979 , Boorman & Fuller 1984 , Waite 1984 , Kachi & Hirose 1985 , van Groenendael 1986 .
Some monocarpic species, however, show stability for long periods of time ). Klemow & Raynal (1985) demonstrated that Echium vulgare populations remained constant and even increased in four years of strong drought in calcareous fields, while Picris hiercioides populations suffered strong reductions due to non-regeneration during this period.
The present study describes the population dynamics of Paepalanthus polyanthus (Bong.) Kunth in a sand dune field, evaluating: its life cycle; the population tendencies; the mortality risks and reproductive chances of established individuals; the recruitment of new individuals in the population; and the environmental factors possibly influencing this dynamics.
Material and methods
Study area -The study area was located in the dunes of Joaquina beach (approximately 27°36' S and 48°27' W), Florianópolis, Santa Catarina State, Brazil, in a sand dune slack 500 m from the sea.
At this site, three permanent 5 m x 5 m plots were randomly set, and were designated as Areas 1, 2 and 3. These areas differed in topographic position (Castellani et al. 1995a) . Areas 1 and 2 were located on lower sites, more humid and subject to floods. Area 3, on an upper site, was not flooded. Area 2 was plain; Area 1 was 3.4 to 23.5 cm above Area 2 in altitude, and Area 3 was 20 to 44 cm above Area 2. The vegetation was mainly composed of Gramineae, Cyperaceae and Compositae species (Castellani et al. 1995a) . Climatic conditions and water table dynamics -The regional climate is characterized as Cfa, mesothermic humid (Souza et al. 1992) . Climatic data for the years of study were obtained from the meteorological station of the Flight Protection Service (Florianópolis), 15 km from Joaquina beach. A climatic diagram was built according to Walter (1986) , assuming potential evapotranspiration equivalent to 20 mm of precipitation for an average monthly temperature of 10 °C. The climatic diagram shows the seasonal fluctuations in temperature, with a maximum mean of 24 °C to 26 °C in December, January and February, and a minimum mean of 14 °C to 17 °C in June and July (figure 1). Reductions of precipitation usually occurred around the months of June, July and August. Drought episodes were registered in 1986, 1988, 1989 and 1991 . The driest year was 1988, with strong water deficits in July, August and November. The most humid years were 1990 and 1991, with higher precipitation in February 1990 and November 1991 (figure 1).
After 1986, a first flooding (water table emergence) occurred in summer 1990, covering Area 2 totally and half of Area 1. This flooding lasted from January until April in Area 1 and until May in Area 2. The water table level reached from 10 to 15 cm above the sand surface. In November of 1991, a new flood occurred in both areas. This flooding lasted approximately one month in Area 1, while Area 2 still presented a thin layer of water in December 1991. Area 3 was never flooded. Studied species -Paepalanthus polyanthus (Bong.) Kunth (Eriocaulaceae) is a monocarpic, monoecious species (d'Eça-Neves & Castellani 1994) which occurs in upland fields and in coastal sand dunes (Moldenke & Smith 1976) . Waechter (1985) refers to this species as "endangered" in the coastal dunes of southern Brazil due to human activity. The Paepalanthus polyanthus growth-form is a basal rosette with linear lanceolate leaves forming umbels with a high number of capitula (Moldenke & Smith 1976) . At the study site, the dunes of Joaquina beach, Castellani & d'Eça-Neves (2000) estimated an average production of about 1600 capitula developed per plant, with an average of about 9000 seeds. In this sand dune, flowering occurs from July to January, with a peak in November, and fruiting starts in September. In December and January, most of the reproductive plants disperse their capitula. The capitulum represents the unit of dispersion, and most of them fall down near the reproductive plant (T.T. Castellani, unpublished data). A minimum rosette diameter of 12 cm for reproduction with subsequent death of the post-reproductive plants was also observed (d'Eça-Neves & Castellani 1994) .
At Joaquina beach, Paepalanthus polyanthus occurs in sand dune slacks. The population is described as having a discontinuous distribution, forming dense groups, conspicuous during the reproductive period (Moldenke & Smith 1976) . Figure 1 . Climatic diagram during the study period, Florianópolis, SC, Brazil. Periods of high humidity (P > 100 mm) ( ), moist period (T < P < 100 mm) ( ) and periods of drought (T > P) (M M). P. precipitation, T. temperature and T.P. total yearly precipitation. Castellani et al. (1996) were marked with plastic tag tied around the rosette. Seedlings were marked with numbered wooden sticks (6.5 cm high and diameter of 2.0 mm) placed beside each plant. Some seedlings germinated in aggregation due to badly dispersed capitula. Those "groups" were marked with wooden sticks (11.5 cm x 1 cm) in order to follow the seedlings' survival. The intervals among samplings were one or two months in the first four years and three months in 1991. Data related to plant vigor and sand burial were noted. The occurrence of herbivores affecting this population of Paepalanthus polyanthus was described in Castellani et al. (1995b) . In 1989, the percentage of damage in seedlings rosette was estimated visually and the plants were accompanied to evaluate the survival rates.
The seedlings registered in each sampling period were treated as different cohorts. In 1989, each sampling lasted five days, but in 1990/1991 it lasted around 20 days because of the high number of seedlings.
In December 1989 and December 1990, the point quadract method (Greig-Smith 1983) was used for the vegetation cover analyses. An iron pin (1 m long and 0.5 cm in diameter) was vertically driven into the ground in a regular manner, 2500 times in each area. The number of times the pin intercepted at least one species associated with Paepalanthus polyanthus was registered.
In December 1989, we evaluated the relationship between seedling density and percentage cover in each subsquare of 1 m 2 in Area 1. Pearson correlation was applied to these relationships after arcsine transformation (Zar 1974) . Differences among plant survival were evaluated using G-test (Sokal & Rohlf 1979) .
Results
Synthesis of the population fluctuationsPaepalanthus polyanthus (Bong.) Kunth showed great density fluctuation throughout the five years in the study areas. From December 1986 to December 1988, the population reduced due to low emergence of seedlings and loss of pre-established individuals (table 1). In Area 1, which had the highest density at the beginning of the study, the post-reproductive mortality was the main cause of death of pre-established individuals. In Areas 2 and 3, the mortality of plants in vegetative phase was proportionally higher (G-test = 25.14; gl = 2; p < 0.001) (table 1) . In December 1989, no pre-established individuals were alive in Areas 1 and 3. In Area 2, the four pre-established plants alive died during the flooding of January 1990 (table 1) .
In 1987, 23 seedlings were registered in the three areas, and in 1988 no seedlings emerged. In 1989, seedlings occurred in Areas 1 and 2, but not in Area 3 (table 1) . Germination was detected in June, after autumn rainfall, occurring until November. In December 1989, 3% and 13% of the registered seedlings were alive in Areas 1 and 2, respectively, but no seedling survived the summer flooding of 1990 (table 1, see patterns of seedling survival and mortality risks).
After this summer flooding, massive seedling recruitment re-established the population, which presented plants in reproduction in December 1991 (table 1) . Most seedlings were registered in autumn 1990: from April onwards in Areas 1 and 3, and from May onwards in Area 2, where seedling emergence was less abundant. The germination process was continuous until April 1991, with few seedlings registered in 1991 (table 1) .
In Areas 1 and 3, some seedlings germinated in "groups". In Area 1, 31 groups were registered (Mean = 3.32 seedlings.group -1 ; standard deviation = 1.11; minimum = 2 and maximum = 7), and in Area 3, 159 groups were noted (Mean = 5.36 seedlings.group -1 ; standard deviation = 1.95; minimum = 2 and maximum = 13).
Some plants recruited in 1990 and 1991 (n = 71) formed new leaf rosettes, through sprouting, that were quantified as new individuals for demographic census. About 85% of these plants produced one new rosette and 15% two rosettes. Plants sprouted with at least four months of development and diameters between 3 to 9 cm.
The re-establishment of Paepalanthus polyanthus population presented an increase until December 1990, with a decrease in 1991 (table 1) . The flooding in November 1991 was a mortality factor in Areas 1 and 2; Area 3 was more affected by periods of rainfall reduction (see patterns of seedling survival and mortality risks). Mortality risks and reproductive chances of pre-established plants -Individuals from December 1986 showed that the probability of reproduction tends to increase with the diameter of the basal leaf rosette. Also, the probability of death tends to decrease in larger plants. This pattern of mortality, however, was not clear in 1989, and the mortality rates were higher in all size classes (table 2) . Vegetation cover and seedling emergence -From December 1986 to December 1989, the sand ground in Area 1, wich had earlier been densely occupied by Paepalanthus polyanthus, became bare after the Table 2 . Number of vegetative plants of Paepalanthus polyanthus alive in December 1986 December , 1987 December and 1988 In 1990, emergence of seedlings occurred in all areas. The percentage cover increased in Areas 1, 2 and 3, attaining values of 77%, 78% and 64%, respectively. Patterns of seedling survival and mortality risksCohorts of 1989 showed survival curves of non-linear pattern. Higher mortality risks occurred in November 1989, in January 1990, and in the initial establishment phase for Cohorts 1 and 2 (figure 2), which emerged in periods of rainfall reduction. In Cohort 1 in Area 2, the overlap among seedlings (n = 246) caused high mortality risk (ca. 72%). These seedlings emerged from seeds presented in capitula of one umbel. This umbel fell near the reproductive plant and the capitula did not disperse. The mortality seemed to be associated with pluviosity reduction in November 1989 and with flooding in January 1990.
Seedlings of Paepalanthus polyanthus were damaged by the leaf-cutting ant Acromyrmex striatus (Hymenoptera: Formicidae). These ants occurred in Area 2, and the highest percentage of damage was registered in October 1989. These seedlings, which were herbivored in October 1989, showed low survival until the next sampling (table  3) . Cohorts of 1990/1991 showed a higher establishment success (figure 3). The proportion of isolated seedlings alive in December 1991 differed among the three areas (G-test = 119.42; gl = 2; p < 0.001). In Area 1, from the total of seedlings registered in 1990 and 1991, 54.84% (n = 3233) were alive in December 1991; in Area 2, 55.35% (n = 495) were alive and in Area 3, a lower proportion was presented, 40.09% (n = 2135).
The emergence of seedlings in Area 2 was later ( figure 3B ) and the first cohort emerged in a soil still flooded. In Area 1 and 2 ( figure 3A, B) , the flooding in November 1991 acted as mortality factor. In December 1991, 18.79% of deaths in Area 1 (n = 165) were caused by flooding, which affected the leaves of other 503 plants. In Area 2, this flooding caused 81.60% of deaths (n = 125) and damaged another 154 plants. In Area 3, mortality rates in summer 1991 were more expressive ( figure 3C ). In April 1991, 75% of the registered deaths (n = 460) were caused by desiccation. In Area 1 and 3, hydric reductions in September caused desiccation in many plants.
In Areas 1 and 3, sand burial affected some seedlings (table 4) . Usually caused by the wind, sand burial in September 1991 was in part caused by the nest-building of Dorymyrmex sp. (Hymenoptera: Formicidae).
In December 1991, eight plants from the first cohorts reproduced: three plants in Area 1, with rosette diameter between 21 and 24 cm and age of one year and five months to one year and eight months; three plants in Area 2, with rosette diameters between 16 and 17.5 cm and ages of one year and four months to one year and seven months; and two plants in Area 3, with rosette diameters of 19 and 20 cm and ages of one year and five months.
Seedlings emerged in group (figure 4) also presented lower proportion of survivors in Area 3 (G-test = 249.16; gl = 1; p = 0.001). From the seedlings which emerged in groups in 1990 and 1991, 59% (n = 103) and 29.80% (n = 839) were alive in Area 1 and 3, respectively, in December 1991. In Area 3, the proportion of plants alive in December 1991 was lower for grouped seedlings than that of isolated seedlings (G-test = 22.25; gl = 1; p < 0.001). Higher seedling losses occurred in summer 1991 and from September to December 1991 ( figure 4B ). Entire groups became desiccated and were removed by wind. Group-seedlings were affected by sand burial in the Area 3 but not in Area 1 (table 4) in relation to December 1986 (figure 5). In the absence of recruitment, there was a reduction in small-size plants, in consequence of their mortality and of the growth of those that survived. The mortality of post-reproductive individuals resulted in a low frequency of large-sized individuals.
The distribution pattern of December 1989 and 1990, and even the pattern of December 1991, reflects the regeneration that occurred in these years, being the highest frequency of individuals with diameter between 3 to 6 cm.
Discussion
The density variations observed throughout these five years in the Paepalanthus polyanthus (Bong.) Kunth population are common to several short-lived monocarpic species (Harper 1977 . In some dune plants, low recruitment of seedlings is in part explained by predation in the pre-dispersal phase (Watkinson & Harper 1978 ). This did not seem to have occurred in Paepalanthus polyanthus.
Reproductive plants were present in all areas in the low regeneration period, with an average seed set of about 9000 per plant (Castellani & d'Eça-Neves 2000) . Flower predators can cause losses in 5% of seed production in Paepalanthus polyanthus, and losses of 12% can occur in cases of umbel abortion caused by borer caterpillar (Castellani & d'Eça-Neves 2000) . However, these values seem to be low to cause expressive reduction in the seed production of this population.
In Paepalanthus polyanthus, the population fluctuation is related to climatic factors, especially to water availability, which acts on germination and survival of plants. Other monocarpic dune plants show population fluctuations associated with climatic factors. In Lactuca virosa, germination increases with fall humidity, and seedling mortality increases in years with higher drought stress (Boorman & Fuller 1984) . Populations of Plantago lanceolata are subjected to strong reductions due to drought (van Groenendael 1986) . Reductions in Cirsium vulgare and Cynoglosum officinale are caused by seed predation and drought stress, which reduce seedling survival . Not only in monocarpic species, but also in other sand dune plants, low pluviosity causes population decline (Watkinson & Harper 1978 , Ernst 1981 , Waite 1984 . Drought stress is a factor that controls the germination, emergence and survival of seedlings (Meijden & Waals-Kooi 1979) , survival of established and reproductive plants (Ernst 1981 , d'Eça-Neves & Castellani 1994 , and ramet birth and death (Huiskes & Harper 1979 .
In Paepalanthus polyanthus, differences of seedling emergence among areas can also be related to available water. Area 3, at a higher topographic site and never flooded, presented seed germination only in the most humid period. Low germination in Area 2 in 1990, however, could suggest a reduction in soil seed bank, due to previous germination. In other sand dune species, differences among habitats are also related to higher frequency of seedling establishment in more humid areas (Huiskes & Harper 1979 .
In sand dune slacks, the depth of the water table acts over the initial phases of the life cycle, determining the percentages of germination and establishment of seedlings (Schat & Scholten 1985) . In Paepalanthus polyanthus, the emergence of the water table seems to favor germination, on one hand, and acts as a mortality factor, on the other. The role of such inundations as mortality agents varies in relation to the duration of flooding and flooding level.
Flooding acted in a distinct way among areas. In Area 2, higher risks of population reduction might occur by successive flooding. Flooding causes pre-reproductive deaths, which can reduce seed production. This can make the population dependent upon adjacent sources of seeds. The fact that Paepalanthus species tend to disperse at low distance (Figueira 1998) can limit the potential of its population reestablishment. The longevity of seeds of Paepalanthus polyanthus in soil is not known. A permanent seed bank could represent a good strategy for this species. Certainly, this aspect needs to be investigated. The low emergence of seedlings of Paepalanthus polyanthus in less covered areas may simply reflect a humidity mosaic or other survival risk in bare areas such as seed desiccation or seed burial (Ernst 1981 , Buckley 1982 . Although no study has been carried out on the germination of this Paepalanthus species, the requirement of light by seeds of Paepalanthus speciosus (Carvalho & Ribeiro 1994) suggests no germination under buried conditions. Also, Paepalanthus polyanthus presents small seeds, with a diameter of approximately 0.5 mm. According to Buckley (1982) , small seeds offer little chance of seedling emergence when buried by sand. This author suggests that seed size might have an important role in the population dynamics of dune plants: small-seed species would present reductions in dry periods and regeneration under existing vegetation, and large-seed species would be more independent in relation to the physical environment. Klemow & Raynal (1985) observed higher emergence and establishment of Picris hieracioides seedlings in areas of denser vegetation. show that the survival of Cirsium vulgare and Cynoglossum officinale is lower in more exposed habitats, due to desiccation.
Burial may also act as a mortality factor in seedlings, as registered in Area 3. Burial may be achieved either by the wind or by the activities of certain ants.
The seedlings emerged in groups had greater mortality risks by desiccation effects and bad fixation on sand ground, due to bad capitula dispersion. Then, capitula dispersion may increase seedling survival, just by reducing seedling overlapping.
The role of herbivores in the population dynamics of Paepalanthus polyanthus is not clear. Castellani et al. (1995b) described the caterpillars of Junonia evarete (Lepidoptera: Nymphalidae) as the main herbivores of established plants of Paepalanthus polyanthus. The mortality of damaged plants, however, was higher in periods of drought stress and in plants injured for subsequent years. Also, seedlings damaged by Acromyrmex striatus (Hymenoptera: Formicidae) showed higher mortality rates in drought stress periods, when an expressive mortality of non-damaged seedlings also occurred. Then, it is not clear if herbivory is the main cause of such deaths.
In relation to the temporal variation of the population structure, the "J-reverse" pattern observed in 1989 and 1990/1991 reflected the regeneration occurring in those years. In 1990/1991, the observed structure in Area 3 may also suggest a lower growth rate. In this area, the frequency of young plants in the smallest size-class was higher in relation to the other areas. A slow pattern of initial growth might contribute to a size distribution of the "J-reversed" type, since the individuals remain in this phase for a long period (Hutchings 1986) .
In Paepalanthus polyanthus, as well as in other short-lived monocarpic species (Werner 1975 , the mortality risks were lower in larger plants. The size for reproduction can be reached in the second year of life or later, and the probability of reproduction increased with plant size, as did the production of floral capitula (Castellani 1990 ). Theories about life-history strategies suggest that a postponed reproduction may be favored if an increase of survival and fecundity with the increase of plant size occurs (Kachi & Hirose 1985) . However, in the case of the Paepalanthus polyanthus population studied, if mortality risks increase due to unpredictable risks of flooding, for instance, a delay in the reproduction could not be favorable. In Paepalanthus polyanthus, a smaller size for reproduction in flooded areas would be of interest as an important manner of escaping flooding. Despite the fact that only a few plants reached reproduction from 1990 to 1991, the ones from the flooded Area 2 flowered younger with smaller diameters than those of Areas 1 and 3. This tendency is also described in relation to the sand dune grass Andropogon arenarius .
In the sand dune field studied, Paepalanthus polyanthus seems to behave as a short-lived monocarpic species. Although, in upland fields, submitted to other environmental factors, the species can behave as a long-lived monocarpic, with plants reaching an average life span of 28 years (Figueira 1998) .
